SUMMARY Amblyopes and nonamblyopes were compared on 2 tests of spatial perception. One, the Titmus stereotest, provided only disparity cues and thus measured pure stereopsis. The other, the 3-rods test, provided a variety of monocular and binocular cues and measured the precision of distance discrimination. On both tests the amblyopes were significantly worse than nonamblyopes with equivalent acuity deficits. The Titmus stereotest was found to be an effective means of screening for amblyopia. The results of the distance discrimination test are discussed in terms of their clinical and physiological implications.
Perception of three-dimensional space is facilitated by a number of cues, such as accommodation, convergence (Lie, 1965) , movement parallax (Johannson, 1973) , apparent size, shape, overlay, perspective, and illumination gradients. In addition to these monocular cues species with overlapping visual fields can utilise the disparity information provided by the horizontal separation between their 2 eyes. A single point in space is imaged at 2 disparate points on the 2 retinae (unless it is being fixated), and the degree of disparity between the 2 retinal points is dependent on the spatial location of the point. In this paper 'depth perception' is used to refer to perception utilising any number of the cues mentioned above, and 'stereopsis' is reserved for perception of depth arising solely from disparity information. Thus stereopsis can be assessed only when all other cues have been eliminated, whereas depth perception can be assessed when any number of cues are present.
In the last 10 years considerable advances have been made in our knowledge of the neurophysiological basis of stereopsis. Cortical cells which are tuned to respond maximally to specific retinal disparities have been found in cats (Barlow et al., 1967) and sheep (Clarke et al., 1976) . This specificity is present at birth in some species but not others; it has been found in sheep (Ramachandran et al., 1977) but not in cats (Pettigrew, 1974) . There is evidence that normal visual experience is essential for the development of these disparity detector cells.
In cats the specificity and binocularity of these cells can be considerably reduced by monocular deprivation during a 'critical period' which lasts from birth to 3 months (Hubel and Wiesel, 1970; Blakemore, 1976) . In sheep cell specificity is present at birth, but it has been suggested (Ramachandran et al., 1977) that normal visual experience is required to enhance the binocularity of the disparity detector cells, which at birth respond to monocular stimulation. The abundance of evidence from visual deprivation experiments on animals may parallel clinical evidence from man, in whom a monocular optical or muscular defect in early childhood precedes amblyopia. This condition is characterised by the inability of the defective eye to achieve a high visual acuity unless the causative defects are corrected before the end of a critical period. It has been suggested that, for man, this extends from birth to the end of the third year (Banks et al., 1975) . Similar monocular defects occurring later in life do not give rise to amblyopia.
Another characteristic of amblyopes is their failure to perceive depth in tests of stereopsis which provide only disparity cues (Frisby et al., 1975; Reinecke and Simons, 1974; Walraven, 1975) . It seems possible that they, like the experimental animals already described, lack cortical disparity detector cells, because they did not receive appropriate visual stimulation during childhood.
If amblyopes do not perceive disparity as a cue to spatial location, they must either make use of other cues or perceive the world as being two-dimensional. This study was designed to investigate these possibilities. The perceptual skills of amblyopes and nonamblyopes were compared in a task which offered cues other than disparity to aid spatial 756 localisation. These additional cues included monocular cues, such as apparent size changes and luminance changes, and binocular cues such as accommodation and convegence. In addition visual acuity and stereopsis were measured in order to evaluate their contributions to spatial perception.
Methods
Subjects were selected from a population of approximately 200 undergraduates who were screened on a Snellen letter chart at 6 m. All those who achieved unequal right-eye and left-eye acuities were refracted and examined ophthalmoscopically, and relevant details of ocular history were recorded.
Amblyopes were defined as those who could not achieve equal acuities when wearing full optical corrections. Nonamblyopes could all achieve equal acuities of 6/6 or better after full optical correction. Eight amblyopes were found (7 anisometropic and 1 strabismic) none of whom had eccentric fixation by visuscopy. This proportion (4%) is close to the incidence of amblyopia reported by other authors, for example, Sutcliffe (1960 Subjects were required to make a forced choice response to report the location of the raised ring in relation to the cluster for each of the 10 stimuli.
Stereoacuity was recorded as the smallest disparity correctly interpreted as a depth cue.
MEASUREMENT OF DEPTH DISCRIMINATION
Depth discrimination was measured by the three rods test (Helmholtz, 1866) . The apparatus is shown and described in Fig. 1 .
In designing the 3-rods apparatus it became apparent that the central rod's position along the sagittal axis determined its luminance: as it approached the front of the box, where the light source was situated, it appeared brighter. This cue could be utilised in making alignments by matching the luminance of the mobile central rod to that of the 2 fixed rods.
To assess the effect of this cue 12 subjects performed the 3-rods test twice on 2 slightly different versions of the apparatus. One version was exactly as described in Fig. 1 . The other had all interior surfaces of the box painted black; this reduced the amount of internal reflection from walls and maximised the directionality of illumination within the box.
Subjects cm) and the central white rod (R2) was free to travel sagittally in a groove in the base of the box. The position of the central rod was indicated by the pointer (P) attached to it which protruded through a slit in the top of the box. A millimetre scale (S) lay along the slit so that the position of the pointer could be precisely recorded. The box was internally illuminated by a fluorescent tube (T) in the upper front corner. All interior surfaces were painted white except the back wall, which was black, in order to provide a background against which the white rods could be seen. The mobile central rod was attached to a pulley system such that it could either be pulled forward by a subject, or allowed to slide backwards under the weight of the pulley system. The diagram shows the subject's view of the apparatus. Fig. 3 shows the errors made by the 12 subjects who were tested on both the black painted and the white painted 3-rods apparatus. Errors were significantly greater on the white painted apparatus (t=3*04, P=0 01).
Better eye performance was compared with worse eye performance (conditions 2 and 3). The worse eye tended to make larger errors than the better The inability of amblyopes and strabismics to perceive the disparity cues in the Titmus stereotest (Fig. 2) has been shown previously (Reinecke and Simons, 1974) . A correlation between visual acuity and stereoacuity has also been previously reported (Levy and Glick, 1974) , but the high performance of the nonamblyopic myopes appears to conflict with this correlation. However, it can be explained by the fact that the Titmus test was conducted at a distance of 30 cm; at this distance myopia of less than 3 DS would have no effect on visual acuity. None of the nonamblyopic myopes exceeded this 3 DS limit.
DISTANCE DISCRIMINATION Fig. 3 shows that luminance was an important cue facilitating precision in the black painted 3-rods apparatus. Increasing the internal reflections by painting the interior surfaces white reduced this cue considerably, and precision of alignment was correspondingly worse. Binocularity proved to be of considerable advantage to all subjects (Fig. 4) . Some of the improvement attained with binocularity can be attributed to the retinal disparity cue, but this explanation is applicable only in the case of nonamblyopic subjects. Amblyopic subjects were unable to perceive any of the disparity cues in the Titmus stereotest, and so it seems unlikely that they could make use of them in the 3-rods test when the angular disparities were much smaller. Sluyters, 1974) . Various animal studies have shown that abnormal early visual experience can cause changes in the binocularity of cortical function. Amblyopes and strabismics suffer abnormal early visual experience as a result of their optical or muscular defects, and they have been shown, by performance of the Titmus test, to lack stereopsis based on disparity detection alone. Thus it seems possible that they lack binocular function at a cortical level. However, their ability to benefit from binocularity in the 3-rods test (Fig. 4) suggests that they may retain proprioceptive functions mediated by accommodation and convergence. The pathways involved in these proprioceptive functions are not known. Hochberg (1972) reviewed studies of accommodation and convergence as spatial cues and concluded that they are usually extremely weak cues. Perhaps amblyopes learn to make better use of them in order to compensate for their inability to detect disparity cues. This possibility could be investigated by comparing amblyopes and acuity-matched nonamblyopes on a task presenting only proprioceptive information. Such a comparison would also provide some information about the pathways of proprioception. 
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